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Abstract
In a volumetric receiver installed in solar tower power plants, the absorber operates as a convective heat exchanger, absorbing
concentrated solar radiation and transferring thermal energy to a fluid flowing through it. Radiation absorption is related to the absorber 
geometry, the optical properties of the absorber surface, and the incident radiation intensity distribution, which depends on the heliostat 
field configuration. In order to minimize light reflection and thermal emission from the receiver frontal surface, a well-designed 
volumetric absorber requires a geometry that promotes radiation penetration. In addition, it should encourage a high heat transfer to the 
fluid to increase the thermal efficiency of the absorber. This paper analyses the radiation attenuation in an original volumetric absorber,
applying a Monte Carlo ray-tracing method. The proposed absorber consists of a stack of thin multi-channel monoliths with square cross 
section channels in which the relative position between consecutive layers is shifted in the transversal direction. The study includes the 
influence of surface optical properties (absorptivity and reflectivity), the geometrical characteristics of the structure (length, wall 
thickness and spacing between elements) and the incident radiation profile (related to different heliostat field configurations). As result, 
a general expression for describing the transmittance inside the absorber as a function of the depth length is proposed.
© 2013 The Authors. Published by Elsevier Ltd. 
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1. Introduction
Solar receivers are considered one of the key technology issues to be developed in order to increase the overall solar-to-
electricity performance in solar tower power plants [1]. The volumetric solar receiver concept is based on the simultaneous 
gradual absorption of the concentrated solar radiation inside an open medium, called absorber, and the transfer of thermal 
energy by forced convection from this medium to the air flowing through it. The opened nature promotes the penetration 
of radiation, making it possible that the absorption takes place away from the front region of the absorber. Additionally, 
the flow of cold air at the entrance of the absorber encourages the cooling of the irradiated external surface. The
volumetric concept allows achieving higher air temperatures compared with other receiver technologies, reducing the 
thermal losses by re-emission at the front region. Volumetric absorbers may be metallic or ceramic; their melting point
being the maximum temperature that the material can withstand (typically around 1000 ºC and 1500 ºC with metallic and 
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ceramics, respectively). Hence, ceramic-based materials are considered the most suitable ones to manufacture 
volumetric absorbers in order to reach the highest thermal efficiencies (or the highest possible air temperature).
Other studies have focused on determining the performance of ceramic structures as absorbers in volumetric receivers. 
Most of them concern multi-channel monoliths or honeycombs with square cross section channels [2-4] and reticulated 
foams [2, 3, 5-8]. Monoliths with different cross section channels [9, 10] and structural modifications [11] have also been 
proposed, with the goal of improving the behavior of these structures. In several works the energy balance in the absorber 
is determined by heat transfer equations; however, most of them assume a uniform solar radiation flux [12-14] and only 
few analyze the absorption of the incoming radiation inside the structure by using the Monte Carlo ray-tracing method [5,
15- 17]. Lee et al. carried out a numerical analysis of heat transfer on silicon-infiltrated silicon carbide (SiSiC) multi-
channel absorber, including the effects of the geometrical characteristics of the structure, the material absorptivity and the 
incident radiation profile to determine the radiation propagation on the structure [15]. They state that even though the flux 
distribution emitted by a diffuse source may differ from a real solar flux distribution, it is applicable to performance 
evaluation on multi-channel absorbers. Additionally, they conclude that the propagation of radiation depends on the pitch 
size of channels rather than the material absorptivity; this means that classical multi-channel structures present an intrinsic 
limitation on the radiation propagation.
This study proposes an original configuration for a volumetric absorber based on a stack of thin monoliths that might 
make it possible to increase the penetration depth of radiation inside the structure. This absorber potentially improves heat 
transfer by encouraging the mixing of the air without a significant increase in pressure drop. In order to obtain the optical 
behavior of the proposed absorber, a numerical analysis on radiation absorption has been carried out using the Monte 
Carlo ray-tracing method.
Nomenclature
a optical coefficient
d spacing between layers (m)
d* dimensionless spacing between layers
e wall thickness (m)
e* dimensionless wall thickness
I flux density (W/m2)
k dimensionless attenuation length
L layer length (m)
L* dimensionless layer length
l pitch size (m)
P power (W)
Greek symbols
ș half angle of aperture (deg)
ȡ reflectivity
Subscripts
abs absorbed
0 incoming
L losses
Abbreviations
EC Elementary cell
Ref Reference absorber
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2. Absorber configuration
Figure 1 shows the proposed absorber structure. It is formed by a stack of thin opened layers. Each one consists of a 
short multi-channel monolith with parallel channels that have a square cross section. The relative position between 
consecutive layers in the transversal direction (y- and z-axis) is shifted by half the pitch size of channels. In the 
longitudinal direction (x-axis), the gap between layers is constant. This configuration enables the air to flow freely within 
the structure preventing flow instabilities. It has been reported that these might lead to local hot spots and then irreversible 
absorber damages [18]. Besides the detachment of the boundary layer at the rear of the elements would encourage the 
mixing of the air.
In order to compare the optical behavior of the stacked volumetric absorber, two one-block monolith absorbers have 
been analyzed with the same ray-tracing technique. The reference absorber 1 is a large multi-channel monolith with the 
same pitch size than the stacked absorber and therefore, both absorbers present the same frontal surface (see Fig. 2.(b)
(left)). The reference absorber 2 is also a large multi-
     
Fig. 1. Proposed configuration of volumetric absorber.
Fig. 2. Elementary cells of the analyzed absorbers. (a) Stacked, (b) reference 1, and (c) reference 2
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channel monolith. Its pitch size is half of the difference between the pitch size and the wall thickness of the stacked 
absorber, (l – e)/2. Thereby, its frontal surface is equal to the apparent surface of the stacked absorber seen from the front 
(see Fig. 2.(c) (left)).
3. Numerical analysis
3.1. Simulated configuration
As depicted in Fig. 2, any geometry considered in this study is composed of an elementary cell (EC) that is periodically
repeated in the positions given by the vector m ey + n ez (with m and n, integer numbers and ey and ez the unit vector in y
and z directions, respectively). This feature enables us to reduce the computational domain and subsequently, the 
computational resources required to solve the ray-tracing model. Three elementary cells have been considered. The first 
EC corresponds to the proposed geometry and is composed of a series of layers separated by a distance d. The odd layers
are square channels of length L, pitch size l and half the wall thickness e; and the even ones are a cross-shaped structure of 
length L, wall thickness e and width l + e (Fig. 2.(a)). The second elementary cell is related to the reference absorber 1 and 
it comprises a long square channel of pitch size l and half the wall thickness e (see Fig. 2.(b)). Finally, the third EC, which 
corresponds to the reference absorber 2, consists of an array of four long square channels with a pitch size ½ (l - e) and a 
wall thickness e/2 (see Fig. 2.(c)).
3.2. Ray-tracing model
To calculate the radiation propagation, the commercial ray-tracing software TracePro® has been used [19]. This 
software considers the geometry and the optical properties of the materials to determine the irradiance absorbed by its 
surfaces and the angular distribution of the reflected rays. It has been assumed that: (i) absorbers are opaque diffuse gray 
bodies; (ii) the fluid inside the absorber is transparent; (iii) the incoming radiation on the front plane has a uniform heat 
flux distribution with (iv) a uniform angular distribution, which corresponds to the angle of aperture of the heliostat field.
In the calculations of volumetric absorbers, the radiation propagation from one cell to another is taken into account 
using perfect specular boundary conditions on the free lateral sides of the elementary cell. Any ray that exits the EC 
volume through the boundary is reflected inward, simulating an incoming ray from an adjacent EC. Strictly speaking, the 
boundary conditions to be applied are periodic; however, perfect specular boundary conditions make it possible to retain 
the energy balance on any plane parallel to absorber cross section.
For the analysis of the radiation absorption along the stack of monolith layers, the following parameters were 
considered: the monolith length L, the wall thickness e, the spacing between consecutive monoliths d, the reflectivity of 
the absorber material ȡ and the half length of angle of the incident radiation distribution ș. In order to describe any size of 
the analyzed absorbers, dimensionless geometrical variables have been defined using the pitch size l as the characteristic 
number. The selected values were ș = 45 and 60°, ȡ = 0.0, 0.1 and 0.9, e* = 0.1 and 0.25, and L* = 0.5, 0.3 and 0.1. For 
each dimensionless length L*, four values for the spacing between the elements were chosen: d* = i L* with i = 0, 1, 2, and 
3.
4. Results and discussions
4.1. Reflectivity and wall thickness
In order to reduce the number of calculations, a stack composed of two thin monoliths with L* = 0.5 and d* = 0 was 
initially modeled to estimate the power losses on the front of the absorber due to reflection as a function of ȡ and e*. As 
expected, the results summarized in Table 1 indicate that absorbers with low diffuse reflectivity and/or thin walls reduce 
the power losses significantly on the front side, with the first parameter being most dominant. Therefore, later simulations 
with ȡ = 0.9 and e* = 0.25 were not retained for later analysis.
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Table 1. Power losses on the front side of the absorber.
e* = 0.1 e* = 0.25
ȡ = 0.1 3.3% 5.3%
ȡ = 0.9 42.6% 61.6%
4.2. Absorbed radiation
Figure 3 shows the absorbed flux density Iabs normalized by the incoming flux density I0 as a function of the 
dimensionless path length x* for the reference absorbers and four different stack configurations. Each stack is characterized 
by L* = 0.5 and e* = 0.1 and two reflectivity values corresponding to low-reflective absorbers (ȡ = 0.1) and perfect 
absorbers (ȡ = 0). A maximum incident radiation angle of ș = 45° was considered. The absorbed flux density usually has a 
common pattern on each layer. It presents a local maximum corresponding to the radiation absorbed on the front face of 
the element, followed by a continuous curve due to the absorption inside the monolith layer, and ends with a local 
minimum. Comparisons between low-reflective and perfect absorbers using the same configuration 
Fig. 3. Normalized flux density absorbed by four stacked-type configurations and reference absorbers 1 and 2 versus depth length (L* = 0.5, e* = 0.1, and
ȡ = 0.1 and 0.0). Considered angle of aperture of the heliostat field: ș = 45°. (a) d* = 0, (b) d* = 0.5, (c) d* = 1.0 and (d) d* = 1.5.
indicate that the flux density absorbed on their rear faces is caused by the radiation reflected outwards by the subsequent 
elements. Inside a monolith, the absorption increases with the path length indicating that radiation from other elementary 
cells are becoming the dominant factor in the absorbed flux. Fig. 3.(a) plots the case in which consecutive layers are
joined. Here, the absorbed flux density appears between the corresponding values of the reference absorbers, suggesting 
that absorption might be controlled by a suitable choice of shifting between successive layers.
4.3. Transmissivity
Figure 4 shows the transmissivity (i.e. the ratio between the local power P and the incoming power P0 at the entrance of 
the absorber) as a function of the dimensionless depth x*. It follows a monotonically decreasing staircase pattern where the 
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flat areas correspond to the space between consecutive monolith layers. When d* = 0, the stack configuration presents an 
intermediate transmissivity between the values  of the reference absorbers. The longer the spacing between the monolith 
layers, the higher the transmissivity will be, increasing the penetration depth. Additionally, the results show that as 
expected, a smaller reflectivity (ȡ = 0) also reduces the radiation penetration.
Beer-Lambert’s Law is commonly applied to describe the transmissivity in cellular ceramic materials [20]:
Fig.4. Transmissivity of four stacked-type configurations and reference absorbers 1 and 2 versus depth length (L* = 0.5, e* = 0.1, and ȡ = 0.1 and 0.0).
Considered angle of aperture of the heliostat field: ș = 45°. With (a) d* = 0, (b) d* = 0.5, (c) d* = 1.0 and (d) d* = 1.5.
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Where k is the dimensionless attenuation length. Fig. 5.(a) shows the transmissivity as a function of the dimensionless 
path length in the reference geometries assuming perfect (ȡ = 0.0) and low-reflective (ȡ = 0.1) absorbers. In both cases, 
Beer-Lambert’s Law is satisfied for dimensionless path lengths lower than 1. In addition, the attenuation is higher in 
perfect absorbers than in reflective absorbers but both curves maintain the same trend indicating that the dependence on 
the depth is an intrinsic feature of the structure and not linked to the effect of the radiation reflected inside the absorber. 
In order to obtain a good agreement of the calculated results, the exponential law given by the Eq. (1) has been replaced
by the following expression
 
0
ln ln 1 expPT a x
P
Jª º     ¬ ¼ (2)
If x* << J, the exponential function can be approximate by its Taylor series and Eq. (2) is reduced to:
0
ln ln PT a x
P
J   | (3)
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Fig. 5. Transmissivity vs. dimensionless depth length (ș = 45°). (a) Reference absorbers 1 and 2 (ȡ = 0 and 0.1); and (b) stack absorber (L* = 0.5, 
e* = 0.1, ȡ = 0.1) and the reference absorbers 1 and 2 (ȡ = 0.1). (Red dotted lines correspond to the fitting of eq. (2))
Comparing Eq. (1) and (3), it is obtained that the attenuation length k in Eq. (1) is approximately aJ . For large 
dimensionless path lengths, Eq. (2) is reduced to:
0
ln ln PT a
P
    (4)
Eq. (4) points out that the modified exponential law takes into account a contribution that is related to the radiation 
crossing the absorber. Physically, the optical coefficient a refers to the transmitted light at the absorber end and 
corresponds to the incoming radiation, of which the incident angle is lower than the angle subtended by the monolith pitch 
at the absorber exit,
1
max max2 1 2d x x
 (4)
Fig. 5.(b) shows the transmissivity on the analyzed absorbers and the corresponding fitting obtained by eq. (2) as a 
function of the dimensionless path length. The modified Beer-Lambert’s law fits the calculated data very well.
Fig. 6 plots the coefficients k and a as a functions of the dimensionless spacing between the monolith layers for 
L* = 0.1, 0.3 and 0.5 and ș = 45 and 60°. The reference cases have also been included for comparison purposes.
The optical coefficient a has values close to those of the reference configurations and gets closer to them when the 
distance between consecutive layers increases. For L* > 0.3, there is a critical spacing d* from which the optical coefficient 
in the proposed configuration is lower than the corresponding values of the reference geometries. This indicates that wide 
elements with long spacing distances reduce the transmissivity whereas short monolith layers increase it.
The results show that the attenuation length k increases linearly with the separation distance, rising with wider 
elements. The dependence on the incident angle distribution diminishes when the monolith thickness decreases. For L* >
0.5, the attenuation length is higher than in the reference geometries even when the elements are not separated (d* = 0), for 
0.5 > L* > 0.1 there is a critical spacing d* from which this happens and only for L* < 0.1 the attenuation length could be 
lower than in the reference absorber 2 when the elements are not separated (d* = 0).
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4.4. Front power losses
Power losses at the front of the absorber are depicted in Fig. 7. These losses are related to the radiation reflected from 
the frontal as well as internal surfaces of the absorber. The alternate shift of the relative position between monolith layers 
increases the effective cross section that is exposed to the radiation; then the losses are higher than in the reference 
absorber 1. The results show that power losses depend on the spacing distance d* and monolith thickness L*. In general, 
wider layers reduce losses by reflection. When elements are not separated (d* = 0), a fraction of the frontal surface of the 
elements is in contact with the rear surface of the previous ones; therefore, it does not participate in the reflection of 
radiation. In the case of the absorber with L* = 0.1, the frontal surfaces of the elements are too close to the entrance and the 
influence of the additional reflective surface increases losses when the elements are separated (d* > 0). However, in the 
analyzed cases with L* ORVVHVdecrease when the elements are separated because the distance of the frontal surfaces 
to the entrance increases. This is due to the wider thickness of the elements and longer gaps between them; reducing the 
influence of the extra reflective surfaces. Therefore, the influence in moving the elements away from the entrance is 
significantly higher in these cases than the addition of the additional reflective surfaces. Additionally, it is noted that only 
when L* = 0.1, the shifted position of the elements causes higher losses by reflection than the reference absorber 2.
(b)
(d)
(e)
(a)
(c) (f)
Fig. 6. Optical coefficient a (left) and attenuation length k (right) vs. dimensionless spacing between the monolith layers (ȡ = 0.1; ș = 45º and 60°). (a and 
d) L* = 0.5, (b and e) L* = 0.3 and (c and f) L* = 0.1.
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5. Conclusions
In this study, a detailed numerical analysis of the radiation absorption by an original volumetric absorber configuration, 
based on a stack of thin monolith layers, was carried out using the Monte Carlo ray-tracing method. Absorbers with thin 
walls and low diffuse reflectivity reduce the power losses significantly by reflection. Beer-Lambert’s Law, commonly 
applied to describe the transmissivity in cellular ceramic materials, is satisfied by absorbers based on multi-channel 
monoliths only for small path lengths; hence, a suitable exponential law has been developed for this purpose. The 
proposed law includes an optical coefficient describing the transmitted light at the absorber end and its dimensionless 
attenuation length. For classical multi-channel absorbers, both coefficients depend only on the pitch size and on its 
reflectivity; however, in the case of the proposed configuration, they also depend on the layer length and on the spacing 
between them. This study shows that the proposed configuration with wide monolith layers and long spacing distances has 
a lower transmissivity than classical multi-channel absorbers, increasing the optical efficiency of the structure. In addition, 
the dimensionless attenuation length increases linearly as a function of the spacing distance and is higher for longer 
elements; therefore, absorbers with wide layers show a higher penetration depth than classical multi-channel absorbers 
with the same pitch size. Unfortunately, the shift of the relative position between elements exposes its frontal surfaces to 
the radiation, causing slightly higher losses in the proposed configuration than in classical multi-channel absorbers with 
the same pitch size. Nevertheless, it is expected that this configuration stimulates the detachment of the boundary layer at 
the rear of the elements, encouraging the mixing of the air to improve heat transfer between the absorber and the air.
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